A detailed analysis of the influence of Rydberg states to the behavior of GPS satellite signals in the D and E atmospheric layers has been carried out. It is demonstrated that these states are the main reason for the GPS signal distortion. It is shown that the behavior of satellite signals is associated with the spectral characteristics of the UHF radiation of the Rydberg states depending on the geomagnetic conditions of ionosphere. The foundations of the quantum theory of distortion and delay of GPS satellite signal propagation through D and E atmospheric layers are analyzed and expounded. The problem reduces to the resonant scattering of photons, moving in the electromagnetic field of the signal, to the Rydberg complexes populated in a two-temperature non-equilibrium plasma. The processes of creation of additional photons because of stimulated emission and resonance scattering of photons are considered. In the present work, the quantum theory of the propagation of a satellite signal in the Earth's upper atmosphere, firstly earlier proposed by the same authors, is described in detail. The general problems of the theory and possible theoretical and applied consequences are discussed. It is explained that two main processes occurring here, are directly related to the resonant quantum properties of the propagation medium. The first process leads to a direct increase in the power of the received signal, and second-to a shift in the signal carrier frequency ν ∆ and the time delay τ ∆ of its propagation. The main reasons of the processes are scattering of the Rydberg electron by the ion core and presence of the neutral medium molecule in the intermediate autoionization states of the composite system populated by the strong non-adiabatic coupling of electron and nuclear motions. The main purposes of our investigation are the physical justification of the formation of parameters ν ∆ and τ ∆ using the quantum dynamics of the electron behavior in the intermediate state of the Rydberg complex A**M and the esti- 
Introduction
The GPS system is employed now as a highly important element of the global information infrastructure [1] . Free and reliable access to this system led to the development of hundreds of applications that affects majority aspects of the modern infrastructure, environment, science, medicine, etc.
GPS technology is now used almost everywhere, from precise clocks and cell phones, to bulldozers, sea vessels, military applications and bank computers. It increases productivity in various sectors of the economy, including agriculture, aviation, building, defense systems, all branches of the Earth's sciences, sport applications, postal service, etc. The use of the GPS system saves lives, prevents traffic accidents, and promotes search and rescue operations, speeds up the delivery of emergency services and the elimination of the consequences of natural disasters. This system is vital for the next generation of the automatic transportation [2] , which should help to improve vehicle safety with increasing reliability and capacity.
The GPS system is also of high importance for the majority of scientific, environmental, technical and medical tasks: weather (climate) forecasting e.g. [3] , earthquake monitoring, searching economic minerals, environmental protection, archaeological prospection, and safe driving [4] - [11] . The GPS system (space sensor net) is also crucial for any national security.
However, GPS is not free from some disturbing effects. Spontaneous amplification of the solar activity accompanied by significant increase of electromagnetic radiation and ejection of high-energy particles leads to strong disturbances in the upper atmosphere and ionosphere of Earth. А presence of such failures in the frequency range of 1.2 -1.6 GHz is the one of the most significant manifestations of such perturbations in the GPS data. The increase in the solar activity leads to significant decrease in the signal/noise ratio and, as a result, to the partial inability to decode the messages contained in the signal. Careful analysis of literature sources does not give an understanding of this phenomenon. We propose that our theory presented in this study will elucidate the physical causes of the disturbing effect.
It was shown in [12] that during the solar flares of different power there was a certain sequence of decreasing carrier/noise ratio for the frequencies L 1 = 1.57542 GHz and L 2 = 1.22760 GHz (Figure 1(a) ). During the solar flare of X-1 December 14, 2006 ) the carrier/noise ratio for the frequency L 1 had become worse. At the same time, the carrier/noise ratio for the L 2 frequency remained unchanged (see Figure 1 (a)). The flare of the X-3 level (02.40 UT, December 13, 2006) led to a simultaneous deterioration of the carrier/noise ratio for both frequencies (Figure 1(b) ). The duration of the phenomena observed in both cases was about 30 minutes. This behavior of signal/noise ratio in principle cannot be explained by the impact of the broadband solar radio emission.
More powerful geomagnetic disturbances lead to complete disappearance of the signal at the GPS receiver for a sufficiently long period of time [13] . For instance, the data obtained at the Sao Luis Observatory (Brazil) on September [15] [16] 2011 showed the loss of GPS signal occurred several times during the day.
The signal at the receiver sporadically disappeared five times for 5 -30 minutes each between 16 .00 UTC September 15 to 01.00 UTC September 16, 2011.
Moreover, the horizontal positioning error during these days greatly exceeded the value of 50 m.
The next phenomenon that deserves a comprehensive attention, is the increasing power of the GPS receiver signal during periods of strong solar activity. The time-dependence of the power of the GPS signal, and an integral number of failures at the receiver during the geomagnetic disturbance on July 15, 2000 are shown in Figure 2 (after [14] ). The left vertical axis shows the intensity of the GPS signal in relative units. At the right axis the total number of failures is displayed. The whole process was observed during three hours. There was an increase of about three times in the intensity of the signal at the receiver S(t) with respect to the satellite signal power. The integral number of failures grew with increasing intensity of the received signal, although it is obvious that the increase in the number of failures at high levels of carrier signal should not occur.
The authors [14] did not give an explanation for the growth of intensity. Indeed, it is difficult to assume that the signal increases over time caused by the presence of solar radio-wave radiation, since the GPS signal registered at the receiver is a correctly decoded signal from the satellite. The right-hand part of the graph is intermittent what reflects the lack of satellite data identification.
Effect of the solar activity bursts on the stability of the satellite navigation systems is well established in the numerous studies. However, the physical mechanisms of this effect have not received a satisfactory explanation. It was earlier assumed that the main contribution to the positioning error makes F-layer of the ionosphere, which determines the total electron content (TEC) in the atmosphere. However, the effects of the solar flares and solar activity most clearly and synchronously are manifested in the ionization of D and E ionospheric layers [15] . Experimental studies [16] This fact is clearly demonstrated in Figure 3 where data from [16] were used. Figure 3 displays the dependence of the average signal/noise ratio on the time of rocket flight, launched from Sweden to the ballistic orbit with a maximum of 700 km. Based on the above experimental data, the following analysis is presented below. Despite the fact that the frequency spectrum of the solar radiation is uniform in the range from 2 to 18 GHz [19] , selective sequence of the signal/noise ratio reduction is observed for the frequencies L 1 and L 2 [20] under conditions of increased solar activity. Also let us note that in this paper is presented a similar, uniform by frequency, time relationship between the radiation power (in the range of 1.2 -1.6 GHz) and the high solar activity. This means that Figure 2 . Dependence of the intensity S(t) of the GPS signal registered at the receiver and the number of failures D(t) per unit time (after [14] ). Furthermore, in Afraimovich's experiments [14] , an increase of failures is observed with increasing intensity of the received signal, i.e. the received signal differs from the original one that cannot occur from the incoherent radiation of the Sun. Such a behavior of the signal can be explained by the fact that it is a subject of the resonance effects of the propagation medium, the nature of which is currently under intensive study [21] - [26] .
Therefore, we have two obvious contradictions, which at first view are incompatible with each other. The first phenomenon is due to the incoherent light exposure, and the second phenomenon is caused by the coherent and resonant light influence. There is an essential theoretical problem to combine together these two phenomena. On the other hand, according to measurements [16] [17], the most powerful GPS signal distortion occurs in the lower part of the D and E ionospheric layers (below 110 km above the Earth's surface), the physical essence of which is discussed in detail below.
Thus, the results of investigations indicate that the solar activity disturbances are an important factor affecting the quality of GPS signal. Positioning errors in such periods can reach hundreds of meters at the Earth's surface that is high significant practically in all GPS applications. At the same time, the results of studies show that positioning errors for the infrastructure objects do not exceed several meters even in the conditions of geomagnetic disturbances [27] . The estimates of positioning errors in the geometric optics approximation, taking into account refraction on ionospheric inhomogeneities in the F domain of the ionosphere, also do not exceed several meters at the earth's surface [28] . Direct measurements using ballistic missiles [16] and the radio-occultation method [17] have shown that the atmospheric layer, where the signal mainly degrades, is located at the altitudes of 80 -110 km above the Earth's surface, i.e. in the D and E layers of the atmosphere. When the satellite signal passes through these layers, multiple resonance scattering of photons occurs on the orbitally degenerate Rydberg complexes A**M, whose states are split by interaction with the neutral medium; between two last subjects occur the radiation transitions [26] . 
Present State of the Theory and Experiments
It is known that the signal propagation delay is observed when the satellite signals propagate through the ionosphere containing free electrons and positively charged ions [30] . The presence of electrons is confirmed by measurements car- 
where ν is the frequency of the radio waves emitted by the satellite in Hz, According to the measurements performed by the ionosondes, the main role in the TEC forming has the ionosphere layer F2. The greatest contribution comes from the region located near the maximum of the distribution function of the electron density which is detected by the high-frequency pulse radars. Since such measurements are carried out, starting from 1930, there a rich statistical material has been accumulated. It allows using regular measurements in order to create a set of different statistics, and reconstruct on their basis a distribution of the average electron density in the F2 layer for seasonal time of day, geographic location, etc. The basis conception presented in [31] is the assumption that the Earth's ionosphere is a dispersive plasma medium. This representation is, strictly speaking, valid only for a homogeneous medium [32] . Klobuchar [31] methodology is used worldwide for the monitoring of ionosphere scintillation effects and is widely known as a "Klobuchar Model".
In essence, this is the simplest model of the ionosphere plasma, where the dispersion of medium is associated with the electron density variation at a fixed frequency. The difference between the results of the model calculations [32] and experiment gives an error of the time delay (see Equation (1)) up to 50%. The measurement delay time error at the same frequency, e.g. L 1 , can exceed 100 ns with respect to the TEC value. Note, that along with the model, there are many other models of the ionosphere based on statistical measurements, which differ from each other by the degree of complexity. However, their use does not allow completely reduce the measurement error of τ ∆ . In fact, the best correction of ionosphere effects can be achieved here only by independent measurements strictly aligned with the direction of the GPS signal propagation from each GPS satellite to the receiver located at the ground surface. Thus, an analysis of results should be carried out without the statistical averages. This is especially concerns the velocity of variation of the group delay τ ∆ .
At present, the physical interpretation of the relationship between the solar events and the disruption of the functioning of satellite navigation systems is inadequate and needs in additional examination. However, analysis of literature indicates that the main efforts of engineers and researchers are concentrated only for the improvement of the transmitting and receiving equipment of navigation systems without attempts to study the natural phenomena occurring in the Earth's atmosphere. We believe that the most problem is to find out which physical and chemical processes affect the propagation of radio waves in atmosphere at this frequency range [26] . Rydberg complexes A**M whose states are split due to the interaction with a neutral medium and between which the radiative transitions occur [19] .
Rydberg Molecules in Neutral Medium
The Rydberg states are such highly excited states of atoms and molecules that are located near the ionization boundary and are characterized by presence of an infinite sequence of energy levels converging to the ionization threshold. Rydberg atoms and molecules have one excited weakly bound electron whose state is characterized by a level energy with a given principal quantum number n and angular momentum l of the electron with respect to the ion core. The process leading to formation of the degenerate states with large angular momenta of the electron is called l mixing. In the upper atmosphere, it flows quickly and is irreversible. As a result, the quantum differences between the excited atoms and molecules disappear, and the radiation spectrum does not depend on their chemical composition [21] . The mixing process takes place in a sufficiently dense neutral gas medium with a density greater than 10 there is no noticeable change in temperature of the medium [34] ; so, an influence of temperature deviations to atmospheric particles at the heights of 80 -120 km is small [35] . This is due to the fact that the high translational temperature of particles coming from the ionospheric F layer under entering a denser medium expended on the vibrational and rotational excitation of the atmospheric molecules [36] .
Further relaxation of excitation is due to the processes of resonance transfer of internal energy, the transfer of which occurs due to subsequent collisions. As a result, separation of the electron temperature e T from the medium temperature a T occurs in the D and E layers, and a two-temperature recombination plasma with a temperature a e T T  is established that agrees well with the direct measurements [37] .
The neutral medium concentration for E and D atmosphere layers changes in the interval of 
Incoherent High Frequency Radiation
Preliminary calculations [23] have shown that the distribution of ultrahigh fre- The shift of the frequency limits relative to each other for nitrogen and oxygen molecules leads to significant inhomogeneity of the resulting radiation spectrum.
The intensity of the incoherent UHF radiation is visibly reduced due to the difference between the scattering characteristics of the slow electrons for oxygen and nitrogen molecules (scattering lengths, quadrupole moments, and static polarizabilities) in three spectral frequency ranges belonging to the 1 -100 GHz.
The first one includes the frequency range of 1.17 -1.71 GHz, the second-4.31 -6.09 GHz, and the third-7.27 -57.1 GHz.
The dependences of the intensity of incoherent UHF radiation of the excited medium in the range of 0.8 -1.8 GHz for the noiseless and perturbed ionosphere are given in Figure 5 quasi-molecules on the principal quantum number n calculated at various electron temperatures T e and concentrations e n and medium density O in a neutral medium determine the observed features of the influence of solar activity on the failures of the GPS system. The selectivity of the effect at the frequencies L 1 and L 2 is due to the nonmonotonic character of the UHF spectrum which depends on the level of solar activity [24] [25] [26] . In the mentioned publications, the basement of the theory was developed and the "Rydberg" program was created. These developments were used for calculation of the frequency profiles of the power of the UHF radiation flux in the range of 0.8 -10 GHz, which are essentially nonmonotonic ones.
Long-Wave Infrared Radiation
The incoherent UHF radiation of the Rydberg states during periods of geomagnetic disturbances is accompanied by intense long-wavelength infrared (IR) radiation (with a wavelength exceeding 15 μm) [39] . Analysis of the spectrum of this radiation allows reconstructing the parameters of a two-temperature plasma (electron concentration and temperature) for solving the inverse problem. This will enable, in turn, to connect the characteristic delay times of satellite signals at different carrier frequencies with the intensity of the power flux intensity of the incoherent UHF radiation tot I relying on the unique properties of the frequency profile of the radiation near two points: 1.4 GHz and 5 GHz. These parameters were firstly calculated with the employment of the "Rydberg" software in [15] [24] [25] and presented in Figure 6 and Figure 7 .
The frequency behavior presented in Figure 6 is called as a "waist point". The , where n is the principal quantum number) exceed the shifts l ∆ of isolated Rydberg levels (for
Under these conditions, an influence of the neutral medium reduces to an irreversible l mixing process The strength of the satellite signal field is determined by its power and, according to Equation (2), is proportional to the number of photons 0 N . Since 
Types of Transition in Interaction of Photon with the Rydberg Complex
The description of the orbitally degenerate states of Rydberg complexes A**M requires, at the first stage, the introduction of diabatic vibronic potential energy constructing such PES is described in [34] , and the wave functions should be constructed by analogy with the approach developed in [42] .
The rotation of the molecule A** can be considered by classical way; we assume the direction of its axis to be fixed averaging over the orientations at the last stage of the calculation [43] . In addition, we should average here over the velocities u, confining ourselves to the Maxwellian distribution, since the main contribution is made by the domain of relative energy that is less or equal to the temperature a T of the neutral medium. Since the radiation processes in the problem formulation are assumed as quasistatic ones, the frequency of radiation (or absorption) transitions is determined by the relation
Therefore, all subsequent averaging over orientations and relative velocities should be performed for a given transition frequency ν.
To understand the physics of the phenomenon, it suffices to confine ourselves Positioning n E in a non-equilibrium plasma is assumed to be stationary and is maintained by a constant flux of free electrons. The distribution of the populations of levels located above some binding energy * E is practically equilibrium with an electron temperature close to the temperature of free electrons e T [23] . At the high binding energies * n E E equilibrium, distribution is strongly perturbed over the * E E ∆  energy interval. This interval is called as a "sink neck" or a "narrow recombination flux place" [44] . Above the sink neck, where * n E E < , the collision transitions between the bound states and continuum is predominated.
Below the neck, the radiative transitions predominate, that result in the equilibrium population of the low-lying states with a a T temperature of medium molecules. However, as was indicated above, the electron temperature e T here is much higher than the temperature of the ions i T and the neutral medium These times (depending on the magnitude of n) correspond to the duration of the photon passage through the electron cloud of the Rydberg complex. The next stage is related to the quantum dynamics of the A**M complex itself, where along with the discrete states, the energy spectrum of the composite system includes the virtual autoionization states of the A** molecule [46] . This is realized when the relative energy of the diatomic molecules A** and M in the complex . Note that the resonance scattering of photons on the orbitally degenerated Rydberg complexes includes, as shown in Figure 8 , a lot of intermediate states, and therefore it fundamentally differs from the traditional scheme which not contains a time delay [41] . We also note that in the problem of the resonance scattering of Rydberg electron, the presence of predissocational channels should be taken into account when considering independently the dissociation of complexes for various fragments of a neutral medium [15] [23].
Thus, the theory of propagation and distortion of satellite signals should include simultaneously the contributions of all three aforementioned types of the radiation processes. Besides this, here the improved Kalman filtering with time delay between the useful signal and noise and wideband noise effect [7] could be applied.
Theory of Resonance Scattering of Photon by Rydberg Complex
Let us discuss the development of a general scheme of the formal theory of re- 
is the basis wave function of a non-interacting system in the L-representation normalized to unity [43] . The operator τ satisfies to the integral Lippman-Schwinger equation
where the Green's operator ** A M G of the Rydberg molecule is determined as usually in accordance with [43] . It follows from the integral Equation (7) that the wave functions of the Rydberg complex A**M can be represented in the form
and it is expressed in the terms of the corresponding matrix elements of the D level of the shift operator τ .
Wave Function of the Intermediate Autoionization State
The total vibronic wave function
of the intermediate autoionization state of the system "A** + M" depends on the relative velocity u of these molecules and by analogy with Equation (6) is also defined as
Here
+ is the total energy of the system counting from the molecular ion A + ground state, k E is the kinetic energy equal to
is the reduced mass of the particles A** and M. The difference between Equations ( (9) and (7)) is that the operator ( )
( e p is the classical electron momentum in a Coulomb field).
The main role in Equation (9) 
Here ** A G is the Green's operator of the isolated Rydberg molecule A**, the quantities k E and max k are respectively equal to
In the case of positive energy k E E > , the operator ** A G in Equation (11) describes the motion of electron in the continuous spectrum. This region of the momentum variation k of the colliding particles includes virtual transitions to the ionization continuum and transitions between its states. This operator satisfies to the reduced Dyson equation [43] ( )
where 
The t operator in Equation (13) 
Since for a given m the states with different l are mixed, the total normalized wave function of the orbital degenerate state of the molecule A** is defined as the superposition
where * 3 l ≥ , and the coefficients nlm A are equal to = , when the connection between the Rydberg configuration and the dissociative continuum increases substantially due to the decrease of the l parameter and principal quantum number V n , since the total wave function includes the superposition of all possible vibronic states with a given energy. As a result, the strength of the transition oscillator can be represented in the form [48] (
where Thus, the Rydberg complexes A**M serve peculiar traps for the scattered photons. It should be pointed out that a similar phenomenon was considered earlier for metallic particle [49] .
Conclusion
It should be noted that up to the present day, empirical Equation ( tron shell" and substantially refine it. Secondly, it is necessary to develop a regular method for constructing the complete wave function of the complex taking into account the dynamics of its fragments when the kinetic energy of their relative motion is included to the general consideration [46] , which was also not earlier discussed and is done for the first time. This will allow us at the third stage to determine the corresponding dipole matrix elements of the resonant scattering to introduce into the theory the power of the radiation obtained at receiver and the total delay time of the signal as a result of the rescattering cascade along the propagation path of the signal. At the same time, it is necessary to develop a numerical program and calculate the total delay time of the satellite signal, depending on the main parameters of the non-equilibrium plasma (concentration, flux, and electron temperature) for various geomagnetic conditions occurring in the ionosphere. In conclusion, we note that a consistent quantum theory of the propagation of satellite signals for a more complete imagination of the phenomenon must also take into account the Raman scattering of photons and the possibility of decay of A**M complexes, which have not been discussed yet. This will allow to calculated reliable values of the carrier frequency shift and the delay time of the radio waves incoming to the Earth.
